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Abstract 
High power piezoelectric ultrasonic transducers have been widely exploited in a variety of 
applications. The critical behaviour of a piezoelectric device is encapsulated in its resonant frequencies 
because of its maximum transmission performance at these frequencies. Therefore power electronic 
converters should be tuned at those resonant frequencies to transfer electrical power to mechanical 
power efficiently. However, structural and environmental changes cause variations in the device 
resonant frequencies which can degrade the system performance. Hence, estimating the device 
resonant frequencies within the incorporated setup can significantly improve the system performance. 
This paper proposes an efficient resonant frequency estimation approach to maintain the performance 
of high power ultrasonic applications using the employed power converter. Experimental validations 
indicate the effectiveness of the proposed method. 
Introduction 
The critical behaviour of a piezoelectric device is encapsulated in its resonant frequencies, and the 
most efficient way to find the critical piezoelectric specifications is by studying its impedance 
frequency response [1-3]. Fig. 1 illustrates a sample piezoelectric impedance as a function of 
frequency. As the figure shows, piezoelectric devices typically have two kinds of electrical resonances, 
the first one known as resonant frequency (fr) and the other one known as anti-resonant frequency (fa) 
[3]. In the last few years, a variety of approaches have been introduced for obtaining piezoelectric 
impedance characteristics [1, 2, 4-10]. A knowledge of such impedance characteristics is important 
for, structural health monitoring [10, 11] and for electrical circuit modelling [6, 8] of the piezoelectric 
devices. In the case of high power applications, knowledge of the impedance characteristics is 
important so that maximum transmission performance can be achieved [5, 12-14]. In the other words, 
at resonant frequencies, piezoelectric elements convert the input electrical energy into mechanical 
energy most efficiently, and so it is necessary to accurately extract these frequencies and excite the 
system appropriately.  
 
Piezoelectric devices typically have multiple resonant frequencies (as illustrated in Fig. 2) but only the 
major resonant frequency is generally targeted for excitation in practice.  Structural and environmental 
changes and incorporated signal generator components can affect the transducer elements and cause 
changes in the values of the resonant frequencies [3, 14]. As such changes are occurring, it is 
important to estimate the main resonant frequency if one is to maintain efficient system operation (see 
Fig. 2 for an illustration). 
 
Fig. 1: Resonance and anti-resonance frequencies in piezoelectric impedance frequency response. 
 
 
 
Fig. 2: Depiction of multiple resonant frequencies of a piezoelectric device and their variations due to 
structural changes. 
 
The impedance frequency response is the ratio of the voltage spectrum to current spectrum. To 
calculate the piezoelectric impedance response, a voltage source needs to be applied to the device as an 
excitation signal and current needs to be measured simultaneously. In order to obtain the response of 
the device for a specific range of frequencies the excitation signal should fully cover that range of 
frequencies. This can be achieved in practice by applying a signal which has wide range of frequencies 
or by applying many single frequency signals. Thus, the excitation signal has a significant role in 
calculating the piezoelectric impedance especially when the objective is to find the order of the 
resonant frequencies (i.e. when one has to determine which of the resonant frequencies is the most 
significant). The idea of calculating the piezoelectric impedance is a particular case of the more 
general concept of performing system identification (i.e. finding the system transfer function [15-20]). 
It is therefore possible to benefit from the existing knowledge base of excitation signals for system 
identification.  
 
As mentioned already, several methods have been proposed for estimating the piezoelectric 
impedance. These methods can be categorized into three different approaches. The first is the 
traditional approach which is based on using multiple single frequency signals for exciting the device 
[3, 5, 9]. The second involves using measurement devices such as impedance or network analysers [3, 
4]. The final approach, applies excitation signals which cover a wide range of frequencies [3, 4, 9, 10]. 
Considering the mentioned features, a broad-band excitation signal is the most appropriate candidate 
[21]. 
 
High power piezoelectric applications normally incorporate power converters to generate excitation 
signal. To consider the influence of the power converter components, in addition to structural and 
environmental changes, it is desirable to generate excitation signal with the power converter rather 
than employing additional circuitry. However, due to power semiconductor devices constraints, this 
concept makes most of the aforementioned estimation methods not applicable. 
 
This paper proposes simple but efficient resonant frequency estimation method which can be 
employed by incorporated power converter. In this approach the resonant frequencies of a 
piezoelectric device is estimated off-line prior to operation of the power converter. The proposed 
approach benefits from FFT (Fast Fourier Transform) analysis and corresponding relative minimums 
in impedance frequency response. 
Methodology and Approach 
Estimating Impedance Frequency Response 
To identify varied resonant frequencies of a piezoelectric device, a wide-band signal should be 
applied. In the proposed method a sequence of rectangular pulses are applied to the device. To 
generate the pulse stream easily, considering the power switches constraints, a rectangular pulse at 1 
kHz with 10% pulse-width is selected. 
 
Fig. 3 shows the frequency response of an ideal and practical rectangular pulse. As can be seen the 
practical situation makes an imperfect pulse. This imperfection actually proves advantageous because 
the practical spectrum does not suffer from the problem of having zero energy at some frequency 
components. 
 
As can be seen the energy in the spectrum is well spread, but varies considerably in intensity as a 
function of frequency. The frequency response of the output current will be moderated by this input 
spectrum and so it is not possible to study the piezoelectric characteristic by just looking at the 
response to the rectangular pulse. One needs to compute the impedance response by forming the 
quotient of the input and output responses. 
 
To calculate the impedance, the applied excitation pulse across the device along with the 
corresponding response current, needs to be captured. Fig. 4 illustrated a block-diagram for the 
proposed method and employing a current sensor to measure the device response. 
 
After capturing the required signals, the FFT of the both signals are calculated as follows: 
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Where x(n) and X(k) are the discrete inputs and outputs respectively. To find the power spectrum of 
the voltage and current signals the FFT outputs are multiplied by their conjugates as per equation (2) 
and finally the impedance is calculated based on equation (3). 
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in the above Fs denotes the sampling frequency and N is the number of FFT points. 
 
 
 
Fig. 3: Comparing rectangular pulse frequency response in ideal and practical situations. 
 
 
Fig. 4: Experimental setup for the proposed method. 
 
Extracting Resonant Frequencies 
The resonant frequencies correspond to the local (or relative) minimums of the piezoelectric 
impedance. The relative minimums of a function are the points where that the slope of the tangent is 
changing from – to + (see Fig. 5). Therefore, resonant frequencies can be extracted by calculating 
)( fPz′  (the derivative of )( fPz ) and finding all the points where )( fPz′  changes sign from – to +. As 
the final step, at the extracted frequencies, a sorting is performed based on the magnitude of )( fPz . The 
dominant resonant frequency is the one with the lowest magnitude. 
 
The flowchart of the procedure described above is depicted in Fig. 6. Within that flowchart R is a 
constant defining the number of resonant frequencies requiring to be extracted. The algorithm can be 
used both for off-line and on-line systems. It is important to note that, repeating the proposed 
algorithm while applying a repetitive pulse and averaging the results will increase the estimation 
accuracy. 
 
 
Fig. 5: Change of slope at relative minimum (resonant frequency). 
 
 
 
Fig. 6: Flowchart of the proposed algorithm. 
 
Experimental Results 
A piezoelectric transducer, which has three dominant resonant frequencies, is considered for 
experimental evaluation. The impedance of the device was obtained in the frequency range of 30 kHz 
to 80 kHz. For the proposed method a power converter was used for generating pulses. Fig. 4 shows 
the experimental setup for the proposed method. All signals were captured using a RIGOL DS1204B 
oscilloscope. It is to be noted that in practical systems the presence of noise is inevitable. Fortunately, 
at resonant frequencies, the impedance of the device is minimum and current increases significantly. 
The signal-to-noise ratio is therefore relatively high. However, noise is nonetheless an issue, and noise 
removal needs to take place. In this regard a simple RC low-pass filter is used between the current 
sensor and the capturing device (see Fig. 4). As the frequency was between 30 kHz and 80 kHz, the 
cut-off frequency of the filter was set to 100 kHz. 
 
Table 1 Estimated resonant frequencies of both piezoelectric devices 
Method                
 
                                Resonance Frequency (kHz) Fr1 Fr2 Fr3 
Network Analyser 70.18 48.69 38.92 
Proposed 70.31 48.83 39.06 
 
 
 
 
 
 
 
Fig. 7: Experimental results obtained for the piezoelectric device impedance response 
 
 
The accuracy of the proposed method was evaluated with the impedance responses obtained using a 
network analyser (R&S ZVL3). Table 1 shows the estimated results for the first three dominant 
resonant frequencies of the device. To clearly evaluate the proposed method, the measured impedance 
frequency behaviour is shown in Fig. 7. The software that was used for analysis of experimental 
results was MATLAB2012a. The sampling frequency was 2 MHz and the number of FFT points, N, 
was set to 1024. The illustrated results clearly show the accuracy of the proposed method. Moreover, 
in addition to accuracy, power level can be adjusted within a wide range using the power converter 
while other instruments such as network analyser have limited power level.  
 
To further evaluate the advantage of exciting a piezoelectric transducer at its resonant frequency an 
ultrasound interface was considered. To serve this purpose, one pair of the piezoelectric transducers 
was placed face to face as sender and receiver and immersed in housing containing water. In this 
experiment a conventional two-level power inverter was employed which a bipolar pulse was applied 
to one of the piezoelectric devices and the voltage across the other one was captured. Fig. 8 depicted 
the implemented hardware setup. Here, H-bridge IGBT module, SK100GH12T4T, is used as inverter 
topology. Semikron Skyper 32-pro gate drive modules are utilized to drive the IGBTs and provide the 
necessary isolation between the switching-signal ground and the power ground. A Texas Instrument 
TMSF28335 digital signal controller (DSC) is used for generating switching signals. 
 
 
 
 
 
 
 
 
Fig. 8: Hardware setup for ultrasound interface 
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Fig. 9: Applied voltage waveforms at two different frequencies: (a) 39.1 kHz, (b) 38.5 kHz 
 
 
In this experiment, bipolar voltage waveforms with peak to peak voltage of 240 V at 39.1 kHz and 
38.5 kHz were applied to the transducer as shown in Fig. 9a and Fig. 9b, respectively. The voltage 
waveforms were measured using a Pintek DP-22Kpro differential probe. To show their influences on 
the piezoelectric device the frequency responses of applied and captured voltages are analysed (see 
Fig. 10). 
 
Comparing Fig. 10c with Fig. 10d illustrates that the maximum energy is achieved at the resonant 
frequency. However, higher efficiency is obtained for the applied voltage at 39.1 kHz as the captured 
waveform has higher magnitude (1.6 time higher) comparing Fig. 10c and Fig. 10d. This difference 
becomes more evident at high power applications. Therefore, it is obvious that even a slight variation 
in the resonant frequency can significantly degrade the system efficiency. 
 
 
 
(a) 
 
(b) 
 
 
(c) 
 
 
(d) 
Fig. 10: Measured frequency responses for ultrasound interface at two different frequencies with 
bipolar pulses: (a) Input voltage at 39.1 kHz, (b) Input voltage at 38.5 kHz, (c) Output voltage at 39.1 
kHz, and (d) Output voltage at 38.5 kHz. 
 
Conclusion 
In this paper, an efficient method is proposed for resonant frequency estimation of high power 
piezoelectric devices. The proposed method takes the advantage of incorporated power converter in 
exciting the piezoelectric device for frequency estimation purpose. The importance of the proposed 
approach becomes evident where structural and environmental changes cause variations in resonant 
frequencies of the device. Therefore, employing an algorithm which can extract resonant frequencies 
without additional circuitry and updates the fundamental frequency of the power converter repeatedly 
is vital. Comparative experimentations demonstrated the high performance of the proposed method. 
Moreover, the effect of resonant frequency on system efficiency was studied through an ultrasound 
interface. For further research, applying high-quality and low-distorted power signal by investigating 
multilevel converters while integrating the proposed method should be considered. 
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